Is orbital angular momentum always conserved in spontaneous parametric 

down-conversion? 
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In the non-linear optical process of type-II spontaneous parametric down-conversion, we present 
on an experiment showing that the two-photon detection amplitude of the down-converted beams 
does not generally reproduce the transverse profile of the pump beam that carries non-zero orbital 
angular momentum. We explain this observation by that orbital angular momentum is not conserved 
in the type-II non-linear process due to the broken rotational symmetry of the Hamiltonian. 
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The physical variable of orbital angular momentum 
(OAM) can be used to prepare multi-dimensional entan- 
glement [l[ and hyper-entanglement Q, which necessi- 
tate OAM conservation. Largely because of this, much 
attention has been attracted by the topic of OAM con- 
servation in the process of spontaneous parametric down- 
conversion (SPDC) dlllElEll, where photon pairs en- 
tangled in OAM can be created. Similar studies were 
carried out in the case of stimulated down-conversion 
as well d, Q. Nowadays, OAM conservation in SPDC 
process is widely assumed by researchers in this field 
EH E, EE, 111- However, the fundamental ground 
of the origin of OAM conservation in SPDC process re- 
lating to the rotational symmetry of Hamiltonian has 
been very rarely touched. Given that type-II SPDC pro- 
cess lacks necessary rotational symmetry for OAM to be 
perfectly conserved, which will be explained soon, there 
is a chance to experimentally observe this symmetry- 
breaking-determined OAM non-conservation in this non- 
linear process. In this Letter, we present on an exper- 
iment, which was stimulated by the theoretical work of 
Arnaut and Barbosa d , with novel observation, and pro- 
pose an explanation that OAM is not conserved in the 
type-II SPDC process due to the broken symmetry of the 
Hamiltonian. 

It was theoretically shown [7|, under the paraxial ap- 
proximation, that OAM is conserved in the SPDC pro- 
cess for thin non-linear media if one assumes that the two- 
photon detection amplitude of the down-converted beams 
in the SPDC process reproduces the transve rse p rofile of 
the pump beam. This is also true conversely [15| . i.e, un- 
der the paraxial approximation, the two-photon detec- 
tion amplitude reproduces the transverse profile of the 
pump beam if OAM is conserved in the SPDC process. 
Because of the intrinsic connection between OAM con- 
servation and the two-photon detection amplitude in the 
SPDC process, which carries information about whether 
OAM is conserved in the SPDC process, we performed 
an experiment, instead of directly measuring the OAM 
of each beam [l], to measure the moduli of the two- 



photon detection amplitudes [l6| (coincidence images) of 
the down-converted beams (Fig. [TJ. Shown in Fig. [2] are 
our experimental results that the two-photon detection 
amplitude of the down-converted beams does not, in gen- 
eral, reproduce the transverse profile of the pump beam, 
which, to the best of our knowledge, can be explained 
only by invoking the quantum theory that conservation 
of angular momentum (AM) arises from rotational sym- 
metry of the Hamiltonian governing the studied physical 
process, which in principle allows AM non-conservation 
in a phyiscal process described by a Hamiltonian with 
broken symmetry. 

Before diving into detailed analysis, one should note 
that, in the type-II SPDC process, the total AM J of 
light is conserved if and only if the OAM L is conserved. 
The proof is as follows: Under the paraxial approxima- 
tion, the total AM J of light can be decomposed into the 
sum of two separate parts: spin AM S and orbital angular 
momentum (OAM) L [T3|, i.e., J = S + L. In our ex- 
periment, the pump and the down-converted photons are 
linearly polarized. Then the spin AM S is conserved in 
the SPDC process since photons with linear polarization 
carry spin AM with defined value, which is zero. This 
conservation can be confirmed by noting that [S, H] = 
in the Hilbert sub-space spanned by the initial state vec- 
tor in which the down-converted modes are empty and 
the final state vector in which each down-converted mode 
is occupied by one photon with linear polarization. Here 
S is the total spin operator of the light beams and H 
is the Hamiltonian ruling the non-linear process with a 
linearly polarized pump-beam. Therefore, J is conserved 
if L is conserved, and vice versa. 

To explain the experimental results, we analyze the 
symmetric properties of the Hamiltonian of the type-II 
SPDC process as follows. The spatial pattern of down 
conversion in the type-II SPDC process is a double- 
ring structure (Fig. [3J that does not possess rotational 
symmetry around the pump propagation direction (az- 
imuthal symmetry around z-axis). In other words, the 
average rate of down-conversion, R oc (ijj{t)\a' ! a\ijj(i)), 
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FIG. 1: (color online.) A schematic of the experimental 
setup. A Gaussian-profile continuous-wave argon-laser beam 
at 351.fnm passes through a holographic phase mask to pro- 
duce a Laguerre-Gaussian beam with OAM (1 — 4). By use of 
an / = 50cm focal-length convergent quartz lens, the donut- 
shaped beam (the measured transverse profile is shown in the 
lower left corner) is weakly focused into a 2mm-long beta- 
barium-borate (BBO) crystal cut for type-II phase matching 
(6 = 49°, 4> — 120°, and the crystal is slightly tilted so that 
the double-ring has two separate crossings). Coincidence de- 
tections are performed to measure the coincidence images of 
the down-converted beams with two photon-counting modules 
(PCMs) , both of which have a detection area of 175^im diam- 
eter and are placed after optical interference filters centered 
at 702nm (3nm bandwidth). One PCM is fixed at trajectory 
1 while the other scans around trajectory 2 on a plane vertical 
to that trajectory. In all cases, the distance between the BBO 
crystal and the fixed (scanning) PCM is 40cm (55cm). 



is a function dependent of the azimuthal angle. This 
implies that the Hamiltonian Hn governing the type-II 
process, unlike in the type-I case, will not remain con- 
stant under the operation of space rotation around z-axis. 
Therefore, the commutation relation [ J z , Hjj] ^ ( J z is 
the z-component of the AM of light), which means that 
J z is not a good quantum number and not conserved by 
definition. The key point is that the degree of azimuthal 
symmetry breaking around z-axis and, consequently, AM 
(OAM) non-conservation along z-axis in the type-II pro- 
cess depend on where the photon pairs are created on 
the double-ring. For example, if photon detectors are 
set to collect photon pairs at position a' and a", as de- 
picted in Fig. [31 where the double-ring can be approxi- 
mated by a single symmetric ring, the azimuthal symme- 
try breaking is minimal and may be negligible. In this 
case, AM (OAM) non-conservation along z-axis could be 
small compared to experimental resolution and approxi- 
mate AM (OAM) conservation may exist. On the other 
hand, if photon pairs are detected at position b' and b" 
(Fig. [3]), where the double- ring can hardly be approxi- 
mated by a single symmetric ring, the azimuthal sym- 
metry breaking may not be negligible and AM (OAM) 
non-conservation may start to show up in experimental 
observation. 
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FIG. 2: (color online.) Coincidence images of the down- 
converted beams and positions of the scanning PCM. I (V) 
Coincidence images scanned on the ring of ordinary (extra- 
ordinary) down-converted beam over 20-30 seconds with 
500mW of pump power. II (IV) Corresponding single counts 
for the ordinary (extra-ordinary) down-converted beam. Ill 
Cartoons showing positions of the scanning PCM when co- 
incidence detections were performed. The unbalanced single 
counts at a' and a" were due to the residual pump-focusing 
effect, the background from scattered pump light, and longer 
data-taking time at a" compared to a', (a) The photon pairs 
were collected at (a', a"). Donut-like images are the conse- 
quence of approximate OAM conservation along the pump 
propagation direction (z-axis). (b) Data were taken after the 
crystal and the pump polarization had been both rotated by 
45° around z-axis. The coincidence images start to lose sym- 
metry around the centers compared to those in (a), which is a 
signature of OAM non-conservation at (b', b") [la], (c) Data 
were taken after the crystal was rotated by another 45° . Dra- 
matically enhanced asymmetry shows up in the coincidence 
images, as a consequence of increased OAM non-conservation 
along z-axis [l5|]. In this case, a polarizer was used to select 
photons out of the ordinary (extra-ordinary) beam (i.e., no 
detector switching). 



With the above analysis, one can explain the experi- 
mental observation very well. As shown in Fig. [2a), we 
first measured the coincidence images at positions (a', 
a"), where the non- linear process possesses approximate 
rotational symmetry and approximate OAM conserva- 
tion along z-axis holds, which is consistent with pub- 
lished results 0- Consequently, the two-photon detec- 
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FIG. 3: (color online.) Local symmetric properties of down 
conversion in type-II SPDC. The down-conversion (red solid 
curves) at position a' and a" can be approximated by a single 
ring (coarse dashed curve) that has perfect azimuthal sym- 
metry. At position b' and b" the single-ring approximation 
becomes poor, and poorer in c' and c" (fine dashed curves). 
Detailed numerical simulation for the symmetric properties of 
the corresponding Hamiltonian, which agrees with the analy- 
sis shown here, will be presented elsewhere as part of a theo- 
retical work. 



tion amplitude is similar to the transverse profile of the 
pump beam 15J, agreeing with the observation. Then, 
the photon detectors were re-aligned (actually, the non- 
linear medium and the polarization of the pump were 
rotated by some angle around the pump axis for prac- 
tical convenience) to collect photon pairs at positions, 
as an example, (b', b") in Fig. [DJb). In this case, the 
coincidence images have observable difference from the 
transverse profile of the pump beam, as a consequence 
of non- negligible OAM non-conservation [15j . Continu- 
ing this way, we obtained a series of coincidence images, 
each pair of which was measured at different positions 
[Fig-I2t a )-I2 c )] ■ The first pair of images can be considered 
as reference; the pairs measured at subsequent positions 
are increasingly asymmetric around the centers compared 
to the reference images, which is correlated to the de- 
gree of rotational symmetry breaking at these posistions 
where data were taken according to the above qualitative 
analysis! This suggests OAM non-conservation along z- 
axis in the type-II SPDC process caused by rotational 
symmetry breaking of the Hamiltonian. 

In these successive measurements [Fig. [2(a)- Etc)], all 
other experimental parameters remain unchanged and 
their errors, if any, were common mode and cancel out 
(the reference images carry the same experimental er- 
rors as other images, which is a major advantage of 
our experimental design) except the parameter associ- 
ated with the photon-pair collection position, which de- 
termines two physical quantities: photon-pair-emission 
polar angle and the degree of rotational symmetry break- 
ing. To eliminate the possibility that our observation 
was the consequence of OAM non-conservation caused 
by the non-collinear geometry 0, 0, [l9| , we note that 
the photon-pair-emission polar angles in all the measure- 
ments were less than 10°, which is within the limit of 18° 



given in [fj beyond which OAM non-conservation was 
said to be experimentally visible. Furthermore, in the 
case where coincidence images were broken to the most 
extent in these measurements, as shown in Fig.^c), the 
polar angle was less than 4°! One should recall that, at a 
polar angle of 4°, OAM conservation was observed in the 
type-I SPDC process [1 [13] . Hence our observation can 
only be connected to the rotational symmetry breaking. 

Regarding the interpretation of data, one must also 
consider the effect of pump focusing, which can affect the 
coincidence image of the down-converted beams [2(1 |21| 
and invalidate the local paraxial approximation [7|, Isj. 
In our experiment, however, we recall that the pump 
was weakly focused by a 50cm focal-length lens that pro- 
duced a beam with Rayleigh length of about 10cm, which 
is much greater than 2mm, the length of the non-linear 
medium. In addition, we note that, if the pump-focusing 
effect is a dominant factor that causes asymmetry in the 
coincidence images, for example, at the double-ring cross- 
ing [position c' in Fig. |2Jjc)], then a dramatic asymmetry 
should also be present in the coincidence images scanned 
at position a" on the extra-ordinary beam. The donut- 
shaped coincidence images at positions a' and a" indicate 
that the pump-focusing effect alone, which can never be 
completely eliminated in practice though, was not strong 
enough to cause the observed asymmetry in other coin- 
cidence images in Fig. [2j So, the experimental errors 
introduced by pump focusing do not invalidate our argu- 
ments. 

When arguing that AM is not conserved in the type- 
II SPDC process due to broken spatial symmetry of the 
Hamiltonian, one is faced with a straightforward ques- 
tion: Where did the AM go? Intuitively, one might think 
of non-zero AM exchange between the interacting light 
waves and the non-linear media. Then the total AM of 
the "isolated" system including light beams and media 
may still be conserved. This, given that AM conserva- 
tion arises from symmetry of the Hamiltonian, is equiva- 
lent to state that the Hamiltonian with broken symmetry, 
which is traditionally used to describe the SPDC process 
to the first order approximation [i, 22, 23, 24, 25 1, is not 
complete and that neglected terms need to be explicitly 
written for a complete Hamiltonian with perfect symme- 
try. But the challenge is to show that dropped terms 
can really compensate the symmetry breaking of the ex- 
isting terms. In addition, the microscopic mechanism 
through which non-zero AM exchange, if any, between 
light and media takes place in the studied process also 
needs to be further investigated both theoretically and 
experimentally. 

While welcoming all efforts from the literature to fully 
explore this field, we note that our experiment, together 
with the explanation, may open a new way to practi- 
cally preserve OAM conservation in the SPDC process, 
as shown in Eq. (12) in According to this equation, 
the azimuthal symmetry of the Hamiltonian is directly re- 
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lated to the product of two terms: the interaction ampli- 
tude ^4k.s:k',s' and the spatial phase-matching %jji p (Ak). 
While -Ak, s; k',s' depends both on the non-linear suscep- 
tibility an d the linear susceptibility the lat- 
ter defining the unit polarization vectors in the medium 
through the linear refractive indices, the ipi p (Ak) de- 
fines the phase-matching directions whenever Ak, S ;k',s' 
is non-zero. Some experimental tools can be used to in- 
duce controlled medium modifications. Pressure, electric 
and magnetic fields are natural choices to exert different 
modifications on the medium, whereas techniques such 
as quasi-phase-matching [26[ can be used to change the 
phase-matching condition. Through these parameters, 
practically feasible tools could be invented to control the 
symmetric properties of the Hamiltonian and engineer 
the OAM conservation for high-quality OAM entangle- 
ment. 

In conclusion, we experimentally discovered that the 
two-photon detection amplitude of the down-converted 
beams does not reproduce the transverse profile of the 
pump beam, which shows OAM non-conservation, in the 
type-II SPDC process. This can be very well explained 
by the broken rotational symmetry of the Hamiltonian, 
which is fundamentally connected to AM (OAM) non- 
conservation in the studied process. However, to thor- 
oughly understand the physics involved in our experi- 
ment, more theoretical and experimental investigation is 
on demand. 
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A. Zeilinger for the holographic mask in use. 
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